The use of cost efficient CFRP materials is growing especially in the automotive applications. Here, a challenge is delamination occurring during service. Out-of-plane loading should be avoided in composite structures, since it is the weakest loading direction. However, this is not always possible in more complex geometries or at joints. Hence, there is a demand for through-thickness fatigue properties, for design and analysis of CFRP structures.
Introduction
With the increased use of carbon fiber reinforced polymers (CFRP), e.g. in the automotive industry, the demand for efficient manufacturing of large integrated structures with short cycle times is growing. One solution is the use of non-crimp fabrics (NCF), which are as easy to handle as weaves with better in-plane material properties due to aligned fibers and high-pressure resin transfer moulding (HP-RTM). With HP-RTM a reduction of the cycle time to less than 10 min can be reached by application of pressures from 30 to 120 bar inside the molds (Gardiner (2015) ). Im-perfections or defects at complicated geometries, e.g. multiply curved surfaces, can sometimes not be avoided during manufacturing. Examples are ply waviness or folds of single plies due to draping. The influence of these manufacturing defects on the behavior of the structural parts during their service life has to be taken into account during the design stage, e.g. in finite element (FE) simulations. Therefore, the influence on the fatigue life has to be investigated. The influence of defects on in-plane tensile and compressive fatigue properties in a unidirectional NCF was recently investigated by Hörrmann et al. (2016) . In this work the focus is on the static and fatigue through-thickness tension properties, which are relevant, since defects often introduce delamination failure and former component tests show, that the material is prone to delamination.
There are no standard test methods for assessment of the interlaminar tensile fatigue performance of composites. However, there are two ASTM standard test methods for measuring the interlaminar tensile strength. The flatwise test configuration is described in ASTM D7291 / D7291M-15 (2015) , which uses either straight sided or spool specimens, and the curved beam test is described in ASTM D6415 / D6415M-06a (2013), using the four-point flexure loading configuration. When the curved beam method is applied, the specimens are loaded indirectly, interlaminar tensile stresses are present only locally in the central curved region, which is often the site of manufacturing problems as ply waviness or high porosity. The stress state is a combination of high in-plane tension and compression stresses and the intended interlaminar stresses, which have to be calculated. The effects of porosity present in the central curved region in curved beam specimens on the tensile fatigue behavior were studied by Seon et al. (2013) . S-N curves were generated with a large scatter (R 2 = 0.337) due to the local porosity. After detailed CT inspections of the voids geometry and finite element based stress calculation at critical voids the scatter in the SN data could be reduced (R 2 = 0.94).
When the flatwise test configuration is used, the specimens are directly loaded. Alignment during bonding of the specimens to the loading blocks and during testing is critical and misalignment may result in bending and high scatter. A relatively uniform interlaminar tensile stress state in the specimens cross-section is introduced. The research focuses on an optimal specimen design to get fracture away from the bondlines and to minimize stress concentrations due to clamping or bonding. Therefore, usually thick waisted specimens are proposed with either circular or square cross section based on finite element (FE) simulations and experiments in Lagace and Weems (1989) , Scott and Pereira (1993) , Ferguson et al. (1998) , Broughton (2000) , Weaver et al. (2008) , Hara et al. (2010) and Hoffmann et al. (2015) . The effect of porosity defects on through-thickness strength was investigated by Gürdal et al. (1991) using different manufacturing methods. Fatigue loading was applied through direct through-thickness loading by Koudela et al. (1997) and the effect of the load ratio on through-thickness fatigue was investigated recently by Hosoi et al. (2015) using thick spool specimens.
In this research work, static and fatigue through-thickness loading is applied in the flatwise configuration on a unidirectional NCF featuring a fold defect and compared to the same NCF without defect. The used specimen is straight-sided and square with adhesively bonded load-introduction blocks as described in section 2. The results are evaluated by generation of S-N curves and fractography inspection of the specimens. So finally, the influence of the defect is determined.
Experimental methods

Material
CFRP plates with a thickness of 2.2 mm, a unidirectional layup [0] 6 (ply thickness: 0.37 mm) and with artificially introduced defects are provided by the industry partner. The reinforcement material is an automotive NCF with an areal weight of 300 g/m 2 . The NCF is a unidirectional warp-knitted carbon fiber fabric with a tricot stitching pattern and polymeric stitching yarn; the carbon fiber tows are the weft threads and fine transverse glass fiber tows with a spacing of about 2 mm are used as pillar threads, see Fig. 1 . The matrix constituent is epoxy and the manufacturing method is HP-RTM in a closed mold. The resulting fiber volume fraction is calculated to 45 %. In-plane fatigue tests have been performed before with specimens cut out of the identical plates (Hörrmann et al. (2016) ). For the throughthickness tests square specimens with defect as well as without defect are milled out of these plates. 
Defect configuration
The investigated defect is a folding of the outer plies; it is artificially introduced into the CFRP plates by folding of the two outer plies in fiber direction before resin infusion. In Fig. 2 the defect configuration is shown. In the microscopy image of the edge of a specimen the folded plies are darker shaded for better visibility (see Fig. 2a ). The edges of all specimens are investigated by optical microscopy and the distance c between the folds is measured (see Fig. 2a ). The schematic sketch (see Fig. 2b ) is based on computer tomography scans, indicating positions of glass fibers between carbon fiber plies and resin rich areas introduced by the folds. The folding induces a locally increased average fiber volume fraction of 0.75 % in the cross-section due to additional four plies. No carbon fiber undulation is introduced, though the interface transverse to the carbon fiber direction is curved due to the folding.
Experimental procedure
For the through-thickness static and fatigue tests the direct loading configuration was selected. This configuration has several advantages for the performed tests: the identical specimen plates as in the previous in-plane tests can be used and results are thereby comparable (no different specimen manufacturing methods necessary), the stress field is almost uniform in a relatively large volume of material compared to the indirect loaded specimens, including the coarser fiber architecture of the NCF and the defect area. Square specimens are used, since they are easier to manufacture and the material architecture is better represented. The edge length is 25 mm, which is equal to the nominal diameter specified for the cylindrical specimens in ASTM D7291 / D7291M-15 (2015) . The specimen thickness is 2.2 mm, which is slightly thinner than the minimum specimen thickness specified in the standard (2.5 mm).
The specimens are sanded and bonded on steel end-tabs using epoxy adhesive (type DP 490 from 3M). For repeatable aligned bonding a special device was in-house designed, within which the specimen is clamped for 12 h until the adhesive has reached its handling strength. Then excess adhesive is removed and the specimen surfaces are sanded. For maximum strength the adhesive is cured at 65
• C for 2 h. It was not found to be necessary to waist specimens to avoid adhesive failure, since all specimens failed within the specimen material away from the bondline. After testing the specimen is removed from the end-tabs and the end-tabs are reused after milling of the bonding surface.
The out-of-plane tensile tests are carried out using an in-house designed self-aligning loading fixture, which is mounted into a test frame with a 25 kN load cylinder and load cell, see Fig. 3 . The static tensile tests are performed at ambient temperature load controlled with a load rate of 0.2 kN/s. This was preferred to displacement controlled testing, due to the small gauge length and the resulting small displacements. Two static tests are performed for each defect configuration, no-defect and fold defect. The constant amplitude fatigue tests are performed load controlled at a frequency of 5 Hz and a load ratio of R =0.1. Ten specimens are tested for each configuration each at five different load levels between 38 and 69 % of the static load. The maximum number of cycles applied are N e = 2 000 000. Displacements are measured during all tests using an extensometer with a gauge length of 50 mm by clamping it onto the steel end-tabs, see Fig. 3 . Thereby, stiffness changes during fatigue testing can be identified and the approximate stiffness is calculated, taking into account the stiffness of the steel blocks. The adhesive is not considered, since the layers are thin and no material data is available for it.
After fracture, the specimens' halves are fixed in their final position and the edges are investigated by optical stereo microscopy (Olympus SZX10, max. magnification 63x) for documentation of the failure mode. Then the halves are separated (fiber bridging of stitching yarn or carbon fibers might be present) and the fracture surfaces are investigated.
Test with increased gauge section
A basic numerical investigation of the stress state within the specimen is performed in Abaqus to figure out the stress distribution due to material inhomogeneity and tab effects. Therefore, two different thickness configurations are investigated: 2.2 mm (one specimen) and 20 mm (a stack of nine specimens). Three dimensional one-eighth symmetry finite element models of specimen and end-tab are built of eight-node linear brick elements and the load is applied load controlled as surface traction on the end-tab. The adhesive layers are not taken into account in this model. For both specimen configurations the through-thickness stress σ 33 is 6 % higher in the center of the specimen. The in-plane stresses are small, except the stress in transverse to fibers direction σ 22 is 36% of σ 33 for the thin configuration. In the thick specimen σ 22 is reduced to 10% of σ 33 in the central ply.
Static tests with increased gauge section are performed for taking into account the stress non-uniformity due to tab effects. Therefore, nine specimens are bonded on top of each other to form a stack as suggested in Broughton (2000) with a thickness of about 20 mm using the same adhesive as for the tabs. However, it is found by checking the surface flatness, that bonding of the specimens is not accurate for the stack using the same bonding device. Hence, strain gauges with a gauge length of 6 mm are applied centered on three sides in loading direction to detect bending. A static test of specimens without defect is performed which fails in the outer specimen. It is removed and the test is repeated with a stack of eight specimens and two still intact strain gauges.
Experimental results
The observed fracture of both, static and fatigue tests, is a sudden separation of the specimen, adhesive failure was not observed. Usually, fracture is observed within one or two ply interfaces with small areas of intralaminar fracture. In Fig. 4 fracture faces of a fatigue specimen with defect are shown, which is typical for all of the tests. Three different failure modes in different regions are identified: 1 the predominant fracture mode is interlaminar failure at the ply interface without glass fibers where two different stitching patterns meet; 2 interlaminar failure at a different ply interface where glass fibers and stitching yarn meet; 3 intralaminar failure. The same regions are visible on the edge in perpendicular to fiber direction in Fig. 4c . The specimen halves are not yet separated on the edge views, so fiber bridging of stitching yarn (Fig. 4c) and of carbon fibers (Fig. 4d) are visible. The curvature of the fracture line in Fig 4c is due to the folds, which are shaded darker as in Fig. 2 . In region 1 matrix fracture in resin rich areas around stitching yarn and matrix debonding of stitching yarn are predominant. In region 2 fiber/matrix debonding of glass fibers, stitching yarn and carbon fibers occur.
Static test results
The static tests show a linear stress-strain behavior. Strength results are given qualitatively, since they are property of the industrial partner. The coefficients of variation are 0.06 (no-defect) and 0.08 (defect). A reduction of 10 % of the static strength due to the defect is measured. The calculated through-thickness Young's modulus is about 9.5 GPa.
The static tests of the specimen stack show also a linear stress-strain behavior, see Fig. 5 . The same specimen stack is tested twice, since the first time fracture occurred in the outermost of the nine specimens. In the second test the maximum load is slightly higher and fracture occurs in the third specimen. However, the maximum average stresses reached are only about 72 % of the strength values measured for the thin specimens. It can be confirmed by the strain measurements, that this strength reduction is due to bending of the specimen. Based on the three applied strain gauges the maximum strain in the specimen cross-section is calculated with the assumption of a plane strain distribution, which is 35 % higher than the average strain. In the second test two strain gauges are still intact (SG3 and SG4 in Fig. 5 ) and the identical stress-strain behavior is measured as in the first test. Based on this, it is concluded, that the misalignment of the specimen itself is inducing the bending.
Fatigue test results
The fatigue tests are evaluated by generation of S-N curves. The number of cycles N at fracture (separation of the specimen) is defined as failure criterion for the fatigue tests. The maximum applied stress is normalized on the average static strength of the specimens without defect. Log-log S-N curves are generated with the least squares method for both, the no-defect and the fold defect specimens, see Fig. 6 , according to Basquin's power law N/N e = σ max /σ max,e −k , where σ max is the fatigue strength (the maximum value of the applied cyclic stress), and N is the fatigue life (the number of cycles to failure) for the applied cyclic stress level. The slope related coefficients k are almost identical for both cases with k = 10.3 for the no-defect specimens and k = 10.0 for the specimens with folds. The coefficients of determination are R 2 = 0.81 for the no-defect specimens and R 2 = 0.94 for the specimens with folds. A decrease of the fatigue strength for the specimens with folds of 9.9 % at the endurance limit is observed, which is similar to the strength reduction of the static tests. It should be noted, that the scatter of both specimen configurations intersects.
Discussion
The fractography analysis of the specimens shows, that fracture occurs most often at the interface of resin and stitching yarn and in resin rich areas around the stitching yarn. So the observed failure is usually interlaminar. Intralaminar failure and fiber bridging are present only locally. Fracture usually occurs in the center between the plies without glass fibers present, where the stitching patterns of two different plies meet. This indicates that the interface of glass fibers and resin is stronger, than the interface of the polymeric stitching yarn. It might also be due to the greater diameter of the stitching fibers, which is about 20 µm, while the diameter of the glass fibers is 10 µm, so next to the stitches thicker resin rich areas form during resin infusion. Thus, even for a similarly warp-knitted NCF without glass fibers the same fracture within the stitching pattern and resin rich areas can be expected. The folds, which are introduced in the outer plies, have no influence on the ply where fracture occurs. However, the crack follows the curved interface of the plies between the folds and the fracture ply might change locally in this area. A difference in the fracture surfaces of static and fatigue specimens is not observed. Fatigue fracture is found to be a sudden separation of the complete specimen, so it might be reasonable that the fracture surface looks similar as in the static case.
In-plane tests have been performed for the same unidirectional material before, so the obtained through-thickness strength σ 33 can be compared with the transverse strength σ 22 . Only about 50 % of σ 22 are reached for both, specimens without defect and specimens with defect. Based on the fractography results a decrease in strength can be expected, since interlaminar failure at stitching fibers is predominant and such resin rich faces through the whole geometry are not present in the σ 22 -direction (The rovings in different layers are not aligned through the thickness as shown in Fig. 1b) . However, an average stress reduction of at least 6 % is due to the specimen geometry as found by the FE simulation. The obtained tensile through-thickness strength results are lower than values found in literature. For carbon/epoxy prepreg specimens the literature values are about 70 MPa (Ferguson et al. (1998 ), Broughton (2000 ). For a pillar stitched NCF with a fiber volume fraction of 60 % the values are lower with 45 MPa (Hoffmann et al. (2015) ). In this case, fracture was found to follow local inhomogeneities like yarn or voids and did not occur in single ply interfaces. This is in agreement with the presented results, since the fiber volume fraction of the tested specimens is much lower (45 %) and the local inhomogeneities are concentrated in the ply interfaces due to the tricot stitching pattern, see Fig. 4 . However, the observed fracture was not completely within one interface, still following local inhomogeneities, e.g. introduced by the defect.
The evaluated Young's modulus E 33 is also lower than the one measured in the in-plane transverse direction E 22 = 11.2 GPa. This might be due to resin rich areas between the plies. However, the through-thickness value is averaged over specimens and adhesive layers, so the value is not very accurate.
The strength values obtained by the tests of the specimen stack including the stresses by bending are similar to the ones obtained by the single specimen. This indicates that the in-plane stresses introduced by the end-tabs do not have a measurable influence. This theory is supported by the fact, that the strength in σ 22 -direction is double than in σ 33 -direction. The specimen misalignment could be reduced by machining the specimens to a smaller cross-section as proposed in literature. However, reduction of the cross-section reduces the representative area of material and defect, so for these tests it is assumed to be no preferable solution. The test method seems to give repeatable results also in fatigue, since he fatigue results do not show too much scatter and S-N curves with high coefficients of determination can be generated.
The influence of the introduced fold defect on the static test is an average strength reduction of 10 %. A similar reduction of the fatigue strength of 10 % is observed. However, the scatter ranges of specimens with defect and without defect are intersecting. So a small influence of the folding defect is observed, together with a variability of the specimens in the same magnitude. The influence of the defect might be more evident for a specimen with less local material variability, e.g. a prepreg. Also folding of more than one fiber, resulting in a greater curvature of the ply interfaces might increase the influence of the defect, however this is limited by the specimen thickness and the maximum fiber volume fraction, so it might only occur in thick CFRP parts.
Conclusions
The effects of folds introduced into thin CFRP specimens out of unidirectional NCF on the tensile throughthickness static and fatigue behavior are investigated using the direct loading configuration. The influence of end-tab effects is assessed to quantify the introduced stresses by increase of the specimens gauge length, however specimen alignment could not be guaranteed in this configuration. It might be possible to improve the bonding method of the specimens for the stack to get comparable results to determine possible small tab effects.
The fracture surfaces are investigated by optical microscopy and it is found that the main failure mode is interlaminar failure due to stitching yarn debonding and matrix fracture. Specimens with introduced folds fail in the same ply interfaces, however they are curved in the defect area, so fracture is not straight through the whole specimen. The use of a different stitching pattern (e.g. pillar) or a lower concentration of stitches between the plies might improve the through-thickness properties.
A reduction of static and fatigue strength of 10 % due to the introduced folds was observed, so the folds are not considered to be very critical. However, in areas with increased occurrence of folds the strength reduction should be considered in the design state. Specimens with introduced waviness defect will be investigated in future work as well as the influence of tension-compression fatigue loading.
